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Spaced training induces normal long-term memory in CREB
mutant mice
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Background: The cAMP responsive element binding protein (CREB) is a
transcription factor the activity of which is modulated by increases in the
intracellular levels of cAMP and calcium. Results from studies with Aplysia,
Drosophila and mice indicate that CREB-activated transcription is required for
long-term memory. Furthermore, a recent study found that long-term memory for
olfactory conditioning can be induced with a single trial in transgenic Drosophila
expressing a CREB activator, whereas in normal flies, with presumably lower
CREB-mediated transcription levels, conditioning requires multiple spaced trials.
This suggests that CREB-mediated transcription is important in determining the
type of training required for long-term memory of olfactory conditioning in
Drosophila. Interestingly, studies with cultured Aplysia neurons indicated that
removing a CREB repressor promoted the formation of long-term facilitation, a
cellular model of non-associative memory. 
Results: Here, we have confirmed that mice lacking the a and D CREB proteins
(CREBaD–) have abnormal long-term, but not short-term, memory, as tested in an
ethologically meaningful task. Importantly, additional spaced training can
overcome the profound memory deficits of CREBaD– mutants. Increasing the
intertrial interval from 1 to 60 minutes overcame the memory deficits of the
CREBaD– mice in three distinct behavioral tasks: contextual fear conditioning,
spatial learning and socially transmitted food preferences.
Conclusions: Previous findings and results presented here demonstrate that
CREB mutant mice have profound long-term memory deficits. Importantly, our
findings indicate that manipulations of CREB function can affect the number of
trials and the intertrial interval required for committing information to long-term
memory. Remarkably, this effect of CREB function is not restricted to simple
conditioning tasks, but also affects complex behaviors such as spatial memory
and memory for socially transmitted food preferences.
Background
Genetic and pharmacological studies have implicated
both cAMP and calcium-dependent signaling pathways
in the cellular events underlying learning and memory.
Information flowing through neural networks is thought
to leave behind an imprint of cellular and synaptic
changes that depend on these signaling pathways (for
reviews see [1,2]). Some of these changes are short-term,
involving only the covalent modification of existing
components, such as the phosphorylation of ion
channels, but others are more long-term and require the
synthesis of new proteins. Studies with a variety of
species and paradigms have established that protein
synthesis around the time of training is essential for the
formation of long-term memory (for a review see [3]).
The newly synthesized proteins may have special roles
in the cellular processes supporting long-term memory
formation, such as the growth and restructuring of
synapses (for reviews see [4,5]).
The cAMP responsive element binding protein (CREB) is
a transcription factor the activity of which is regulated by
increases in the intracellular levels of cAMP and calcium
(for reviews see [6–8]). Results from studies with Aplysia
[9–11], Drosophila [12,13] and mice [14] indicate that
CREB-mediated transcription is required for long-term
memory. For example, injection of oligonucleotides with
cAMP responsive elements (CREs) into cultured Aplysia
neurons selectively blocks long-term, but not short-term
facilitation [9], a neuronal model of non-associative
memory. Additionally, the induced expression of a
dominant-negative CREB transgene prior to training
disrupts long-term, but not short-term, memory in an
olfactory conditioning task in Drosophila [12]. 
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A recent study found that long-term memory for olfactory
conditioning can be induced with a single trial in trans-
genic Drosophila expressing a CREB activator, while in
normal flies, with presumably lower CREB-dependent
transcription levels, conditioning requires multiple spaced
trials [13]. These results indicate that the levels of active
CREB are important in determining the training schedule
required for the formation of long-term memory in
Drosophila olfactory conditioning. 
Studies with cultured neurons suggest that CREB may
have a similar role in non-associative learning in Aplysia
[11]. A single pulse of serotonin, when given with nuclear
injections of an antibody against a CREB repressor, results
in long-term facilitation (LTF; lasts longer than 24 hours)
of neurotransmitter release in synapses between sensory
and motor neurons. Without the antibody, which is
assumed to sequester the CREB repressor, the induction
of LTF requires multiple spaced pulses of serotonin [11].
The results in Drosophila and Aplysia suggest that limita-
tions in CREB-mediated transcription may be one of the
reasons why spaced training results in better memory than
massed training [11,13,15]. 
Mice with a targeted disruption of the genes encoding the a
and D isoforms of CREB (CREBaD–) are profoundly defi-
cient in long-term, but not in short-term, memory [14].
These mice have compensatory increases in the levels of a
minor CREB isoform (b), as well as in the levels of the acti-
vator (t) and repressor forms (a and b) of the cAMP-
responsive element modulator (CREM) [16,17]. It is esti-
mated that these mutants still retain 10–20% of residual
CREB activity [16,18], which may explain their surprisingly
restricted behavioral abnormalities [14,18,19]. CREBaD–
mice appear healthy and have no obvious defects in growth
or development. Strikingly, long-term potentiation (LTP),
a synaptic mechanism that may have a role in memory, is
also unstable in these mice, demonstrating that the
CREBaD– mutation affects both LTP and memory [14].
Consistent with these results, studies in transgenic animals
with a reporter gene driven by a promoter sensitive to
CREB function indicated that LTP-inducing stimuli can
activate CREB-dependent gene expression, reinforcing the
conclusion that CREB function has a role in LTP [20].
The Aplysia and Drosophila studies summarized above
suggest that CREB activity is crucial in determining the
number and timing of training trials required for the for-
mation of simple forms of long-term memory in inverte-
brates. Here, we show that CREB-mediated transcription
may have a similar role in complex forms of memory in
mammals. Although, in wild-type mice, single training
trials can induce robust long-term memory, in CREBaD-
mutant mice, with reportedly lower levels of CREB activ-
ity, multiple spaced training is required to trigger normal
memory. Thus, manipulations of CREB function affect
the training schedule required for the formation of mam-
malian long-term memory.
Results
Spaced training can trigger long-term memory for
contextual conditioning in CREBaD– mutants
Contextual conditioning is a form of associative learning in
which animals learn to fear the context — the conditioned
stimulus or CS — in which they receive a foot shock — the
unconditioned stimulus or US (for reviews see [21,22]).
Conditioned animals, when re-exposed to the context in
which they were shocked, tend to refrain from all but res-
piratory movements by freezing [23,24]. Previous studies
indicate that CREBaD– mutants show little evidence of
contextual memory when trained with a single trial and
tested either 1 or 24 hours later [14]. However, mutants
tested 30 minutes after training show normal levels of
freezing [14]. Hence, short-term memory is intact, but
long-term memory is disrupted in CREBaD– mutant mice.
The nature of the memory deficits of CREBaD– mutants
was further investigated by testing the impact of additional
training. Higher levels of freezing 24 hours after training
can be elicited in wild-type controls with five training trials
(with a 1 minute intertrial interval, ITI) than with either
one, or two training trials. Training with either ten or fifteen
trials, however, does not result in higher levels of freezing
than training with only five trials (24 hour test; data not
shown). Thus, CREBaD– mutants (n = 7) and controls (n =
7) were trained with five trials delivered one minute apart,
as this protocol induces maximal levels of freezing. In con-
trast to wild-type controls, which showed very high levels of
freezing (70 ± 5 %), CREBaD– mutants displayed little
freezing (19 ± 3 %; p <0.001) when tested 24 hours after
training (Fig. 1a). This result confirms the long-term
memory deficit of CREBaD– mutants, and demonstrates
that extended massed training cannot overcome this deficit.
Figure 1b shows the results of another group of CREBaD–
mutant (n = 15) and wild-type (n = 16) mice trained with
only two trials, given 1 hour apart. Compared to the
mutants trained with a 1 minute ITI, CREBaD– mutants
trained with a 1 hour ITI showed a clear improvement in
contextual conditioning (p <0.001). In striking contrast to
the group trained with a 1 minute ITI, CREBaD– mutants
and wild-type mice trained with a 60 minute ITI show
similar levels of contextual conditioning 24 hours after
training (39 ± 4 % and 50 ± 4 % for mutants and controls,
respectively; p > 0.05). Planned comparisons showed that
the levels of freezing expressed by the mutants and 
wild-type controls significantly differed only during the
last minute of testing. These results demonstrate that
spaced training improves dramatically the performance of
CREBaD– mutants in the contextual conditioning task.
Interestingly, the wild-type mice in this study, given two
training trials with a 1 hour ITI, had similar degrees of
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freezing to the wild-type mice we studied previously [14]
which had received only one training trial (50 ± 2 % and 48
± 7 % for two trials and one trial, respectively). Thus, an
additional trial given 1 hour after the first trial does not
have a dramatic impact in the performance of controls, but
it overcomes the performance deficits of the mutants (39 ±
3 % and 12 ± 6 % for two trials and one trial, respectively).
The contextual conditioning studies described here were
done on a predominantly C57Bl/6 (> 87 %) genetic back-
ground. However, we had difficulties obtaining CREBaD–
mice in this genetic background. We only obtained 6 % of
homozygous mice from crosses of heterozygotes, which is
considerably lower than the previously observed rate of
15 % [17]. Nevertheless, the homozygotes that we
obtained do not show any evidence of developmental
problems: the animals are not runted, they have normal
life expectancies, they show no hints of ataxia, stereotypy,
seizures, aggression or any other overt behavioral abnor-
mality; the results above even show that they exhibit
normal memory with spaced training. It is important to
note that neither recessive nor dominant mutations linked
to the CREB locus, and originating in the embryonic stem
cells’ 129 genetic-background, could account for the con-
textual conditioning phenotype of the CREBaD– mice,
because both 129SVJ and C57Bl/6 mice show normal
memory for contextual fear conditioning.
Spaced training induces normal spatial memory in
CREBaD– mutants
CREBaD– mutant and wild-type control mice were tested
in the hidden-platform version of the Morris water maze
[25]. In this hippocampus-dependent, spatial learning task
[26], mice have to locate a submerged platform in a pool of
opaque water. We have reported, and recently confirmed
that CREBaD– mice are profoundly impaired in this task
[14]. When given one trial a day for 15 days, CREBaD–
mutants perform poorly both during training and in probe
trials ([14] and data not shown). 
To determine whether doubling the number of training
trials per day could compensate for the deficits of the
mutants, we trained CREBaD– mice (n = 14) and wild-type
controls (n = 10) with two trials a day, with one minute
between each of the two trials. Figure 2a shows that
CREBaD– mice still take significantly longer than controls
to reach the platform throughout training (p < 0.05). The
animals were also tested in a probe trial on day 10. In
probe trials, the platform is removed and the mice are
allowed to search the pool for 60 seconds. Analysis of the
probe trial results showed that, whereas the wild-type
mice searched selectively for the missing platform
(49 ± 4 % of search time in the target quadrant, p < 0.001;
4.0 ± 0.6 target crossings), the CREBaD– mice did not
(35 ± 5 % of search time in the target quadrant, p > 0.05;
2.3 ± 0.5 target crossings; Fig. 2b,c). These findings indi-
cate that, just as in contextual conditioning, additional
training alone cannot induce normal spatial memory in
CREBaD– mutants.
Mice require several days to learn the water maze, which
suggests that information learned each day has to be com-
mitted to memory. Perhaps the CREBaD– mutants forget
what they learn each day because the one minute ITI is
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Figure 1
Contextual conditioning with different
numbers of training trials and intertrial
intervals ITIs. (a) CREBaD– mutants (n = 7)
and wild-type (WT) controls (n = 7) were
trained with five conditioning trials per day
with a 1 min ITI. The mice were tested for
contextual conditioning 24 h after training.
The percentage of time spent freezing each
minute was observed for 5 consecutive
minutes. A two-way ANOVA with repeated
measures showed that the percentage of
time spent freezing by CREBaD– mutants
was significantly less than that by wild-type
mice (F[1,12] = 153.77, p < 0.001). (b)
CREBaD– mutants (n = 15) and wild-type
(WT) controls (n = 16) were trained with two
trials per day with a 1 h ITI. The mice were
tested for contextual conditioning 24 h after
training. A two-way ANOVA with repeated
measures showed that there was no
difference in the percentage of time spent
freezing by the two groups of animals
(F[1,29] = 3.75, p > 0.05). The error bars
represent standard errors in all figures.
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not sufficient to induce normal memory. As the contextual
conditioning results described above suggest that spaced
training can trigger normal memory in these mutants, we
tested the impact of increasing the interval between each
of the two daily trials from 1 to 10 minutes. A 10 minute
ITI is ideal for spaced training in Drosophila [13], and
recent results suggest that in the hippocampus, it may
take 3–8 minutes for maximal CREB phosphorylation
after synaptic activation [27]. 
Figure 3a shows that, when CREBaD– mutants (n = 16) and
controls (n = 16) were given two trials a day with a 10
minute ITI, there was still a significant difference between
the two groups of animals in the time they took to reach
the platform during the last day of training 
(p < 0.05). However, in a probe trial given after 10 days of
training, both CREBaD– mutant and wild-type mice
focused their searches for the platform in the target quad-
rant (46 ± 4 %, p < 0.001 and 39 ± 4 %, p < 0.001 of search
time in the target quadrant for wild-type and mutants,
respectively; Fig. 3b). This result shows that increasing the
interval between daily trials from 1 to 10 minutes improved
the performance of the CREBaD– mice. Nevertheless, the
searches of the wild-type mice were still more accurate
than those of CREBaD– mutants, as wild-type mice crossed
the exact location of the platform more often than the
mutants (3.9 ± 0.4 and 2.1 ± 0.5 for wild-type and mutants,
respectively; p < 0.01; Fig. 3c). These data demonstrate
that, even with a 10 minute ITI, CREBaD– mutants still
show some evidence of spatial learning deficits.
Lengthening the interval between daily trials to 1 hour
completely overcomes the deficits of the mutants. Figure
4a shows that, with 1 hour ITI between daily trials, there
is no difference between the performances of CREBaD–
mutants (n = 13) and wild-type (n = 9) mice during train-
ing (p > 0.05). Similar results were also obtained in a
probe trial given after 10 days of training. Figure 4b indi-
cates that both mutants and wild-type mice searched
selectively for the platform (41 ± 5 %, p < 0.001 and 44 ±
4 %, p < 0.001 of search time in the target quadrant for
mutants and wild-type, respectively). The two groups
also crossed the target site an equal number of times (3.2
± 0.8 and 3.1 ± 0.8 target crossings for mutant and wild-
type mice, respectively; Fig. 4c). These data show that
the performance of CREBaD– mutants in the water maze
progressively improved as the interval between daily
trials was increased from 1 to 10 to 60 minutes.
Thus, even in a complex spatial learning task, longer ITIs
can overcome the profound learning and memory impair-
ments of the CREBaD– mice. It is important to note that
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Figure 2
Training in the Morris water maze with a 1 min
ITI. (a) CREBaD– mutants (n = 14) and wild-
type (WT) controls (n = 10) were trained for
10 days with two trials per day with a 1 min
ITI. The average time to reach the hidden
platform in the pool was plotted against the
training day. A two-way ANOVA with repeated
measures showed that over the course of
training, wild-type animals performed
significantly better than CREBaD– mutants
(F[1,22] = 6.13, p < 0.05). (b) Results of a
probe trial given after 10 days of training with
the schedule described above; the time spent
searching in each pool quadrant was plotted
for mutants and controls. An ANOVA with
dependent measures revealed that wild-type
animals searched very selectively in the area
of the pool where the platform was located
during training (F[3,36] = 35.214, p < 0.001).
In contrast, CREBaD– mice did not (F[3, 52] =
2.49; p > 0.05). There is a significant
difference in the amount of time that wild-type
mice spent in the target quadrant compared
to the CREBaD– mice (F[1,22] = 4.76, p <
0.05). (c) An ANOVA of the day 10 probe
results revealed that there is also a significant
difference in the number of target platform
crossings performed by wild-type (WT) mice
compared to the CREBaD– mice (F[1,22] =
4.78, p < 0.05). T, target quadrant; AR,
adjacent right quadrant; AL, adjacent left
quadrant; O, opposite quadrant.
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previous results [14] indicated that CREBaD– mice trained
with one trial per day for either 10 or 15 days show deficits
in the water maze. Therefore, the CREBaD– mice not only
need large ITIs, but they also require more than one train-
ing trial each day to show long-term memory. A previous
study demonstrated the effects of space training wild-type
animals in the water maze [28]. We have found similar
results by comparing wild-type mice trained with 10 trials
in either 5 or 10 days: they performed randomly when
trained in 5 days (two trials per day), but learned to search
selectively for the platform when trained in 10 days (one
trial per day; data not shown). Therefore, ceiling effects
most likely account for the lack of improvement of the
wild-type mice under the spaced training conditions used
in the studies with the CREBaD– mutant mice.
As the viability of mice carrying the CREBaD– mutation on
the C57Bl/6 background is low (6 %), we used mice of a
different genetic background in the water maze and food
preference studies described here. We used F2 homozy-
gotes derived from a cross between CREBaD– heterozy-
gotes in the C57Bl/6 background (> 87 %) and wild-type
129SVJ mice. The viability of mice carrying the CREBaD–
mutation on this background increases dramatically (to
17 %). This new background could result in large experi-
mental variability. However, our results demonstrate little
experimental variability amongst the F2 animals tested,
indicating that phenotypic variability could not account for
the differences between CREBaD– mice and controls. It is
also important to note that neither 129SVJ nor C57Bl/6
wild-type mice show an ITI-dependent deficit in the
water maze.
CREBaD– mice show normal short-term but deficient long-
term memory in a socially transmitted food preference task
To extend the studies of the CREBaD– mutants, we also
tested them in the social transmission of food preferences
test [29,30]. This task takes advantage of the fact that
rodents develop a natural preference for foods that they
have recently smelled on the breath of other rodents [31].
This task allows us to test whether CREBaD– mutants
have memory deficits in a hippocampus-dependent test
that involves neither aversive stimuli nor spatial learning
[32,33]. Importantly, this task exploits ethologically
meaningful behaviors: the animals’ ability to learn quickly
and remember information pertaining to social olfactory
cues [29,30].
The social transmission of food preferences test takes place
in three phases (Fig. 5). First, ‘demonstrator’ mice are given
a distinctively scented food (ground mouse chow with cin-
namon or cocoa). Second, the demonstrator mice are
allowed to interact with ‘observer’ mice, during which the
observer mice have the opportunity to smell the scented
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Figure 3
Training in the Morris water maze, with a 10
min ITI. (a) CREBaD– mutants (n = 16) and
wild-type (WT) controls (n = 16) were trained
for 10 days with two trials/day with a 10 min ITI.
A two-way ANOVA with repeated measures
showed that over the course of training, wild-
type animals performed significantly better than
CREBaD– mutants (F[1,30] = 5.13, p < 0.05).
Post-hoc analysis showed a significant
difference at day 10 between wild-type and
mutants (p < 0.05). (b) Results of a probe trial
given after 10 days of training with the
schedule described above. An ANOVA with
dependent measures revealed that both wild-
type animals (F[3,60] = 25.14, p < 0.001) and
CREBaD– mutant mice (F[3,60] = 5.18, 
p < 0.005) searched selectively in the area of
the pool where the platform was located during
training. There is no difference in the amount of
time that wild-type mice spent in the target
quadrant compared to the CREBaD– mice
(F[1,30] = 1.47, p > 0.05). (c) In contrast to
the percentage time in the target quadrant, an
ANOVA revealed that there is a significant
difference in the number of target platform
crossings performed by wild-type (WT) mice
compared to the CREBaD– mice (F[1,30] =
8.12, p < 0.01). T, target quadrant; AR,
adjacent right quadrant; AL, adjacent left
quadrant; O, opposite quadrant.
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food on the breath of the demonstrator mice. To test the
effects of ITI on memory in CREBaD– mutants and wild-
type controls, two demonstrators were used for each experi-
ment. Each demonstrator was allowed to interact with the
observers in two separate 5 minute sessions. These two
interactions were separated by either 1 minute or 1 hour. In
the third phase, either immediately or 24 hours later, food-
deprived observer mice were given a choice between two
scented foods: either the same scented food that the
demonstrators had eaten (cued) or another distinctively
scented food (non-cued). 
When tested immediately after social interaction with
demonstrators, both CREBaD– (n = 11) and wild-type
control (n = 11) observers showed a strong preference for
the cued food compared to non-cued food (p < 0.05 for
both mutants and controls; Fig. 6a). CREBaD– observers
ate 0.46 ± 0.07 g of cued food versus 0.22 ± 0.06 g of non-
cued food. Similarly, controls ate 0.56±0.12 g of cued food
versus 0.25 ± 0.06 g of non-cued food. Figure 6b shows
that, 24 hours after the interactions with the demonstrators,
a second group of wild-type observers (n = 10) still showed
a strong preference for the cued food (0.63 ± 0.13 g of cued
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Figure 5
Part 1— Demonstrator eats cued food
Demonstrator
Cued food
Non-cued food
Part 3—Observer is tested
for food  preference
Observer
Part 2—Demonstrator interacts
with  observer

ObserverDemonstrator
Cued food
The social transmission of food preferences task. This behavioral task
comprises three phases. First, ‘demonstrator’ mice are given a
distinctively scented (cued) food. Second, the demonstrator mice are
allowed to interact with ‘observer’ mice, during which the observer
mice have the opportunity to smell the scented food on the breath of
the demonstrator mice. Third, immediately or 24 h after interaction with
demonstrators, food-deprived observer mice are given a choice
between two scented foods: either the same scented food that the
demonstrators had eaten (cued) or another distinctively scented food
(non-cued).
Figure 4
Training in the Morris water maze with a 60
min ITI. (a) CREBaD– mutants (n = 13) and
wild-type (WT) controls (n = 9) were trained
for 10 days with two trials/day with a one hour
ITI. A two-way ANOVA with repeated
measures showed that over the course of
training, wild-type animals did not perform
significantly differently than CREBaD– mutants
(F[1,20] = 2.47, p > 0.05). (b) Results of a
probe trial given after 10 days of training with
the schedule described above. An ANOVA
with dependent measures revealed that both
wild-type (F[3,32] = 15.99, p < 0.001)
animals and CREBaD– mutant mice (F[3,48] =
9.98, p < 0.001) searched selectively in the
area of the pool where the platform was
located during training. There is no difference
in the amount of time that wild-type mice
spent in the target quadrant compared to the
CREBaD– mice (F[1,20] = 0.19, p > 0.05). 
(c) There is also no difference in the number
of target platform crossings performed by
wild-type mice compared to the CREBaD–
mice (F[1,20] = 7.33, p > 0.05).
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food versus 0.19 ± 0.06 g of non-cued food consumed, p <
0.01). The CREBaD– observers (n = 10), however, were not
selective, as they ate similar amounts of both foods
(0.38 ± 0.09 g of cued food versus 0.32 ± 0.12 g of non-cued
food consumed, p > 0.05). 
It is important to note that, despite their loss of food pref-
erence 24 hours after training, CREBaD– mutants con-
sumed similar amounts of food to their wild-type controls
(0.70 ± 0.08 g for mutants and 0.82 ± 0.11 g for controls;
p > 0.05). Differences in either olfaction or taste percep-
tion could not account for the 24 hour deficit observed
with the mutants, because they showed selective food
preference when tested immediately after interaction with
the demonstrators. Importantly, in each experiment half of
the mutants and controls were tested with cocoa as the
cued food, and the others with cinnamon. Additionally,
naive groups did not show a preference for either of the
two scented foods used in these experiments (data not
shown). These results confirm previous findings indicat-
ing that the CREBaD– mice have normal short-term, but
abnormal long-term memory [14]. 
Spaced training can trigger normal memory for socially
transmitted food preference in CREBaD– mice
To determine whether a longer ITI could ameliorate the
performance of CREBaD– mice, as it did in the water maze
and in the contextual conditioning tasks, mutants (n = 12)
and controls (n = 13) were trained with two interactions
with 1 hour, instead of 1 minute, between interactions.
Figure 6c shows that this longer interval allowed the trig-
gering of normal memory for food preference in the
mutants. CREBaD– mice ate 0.57 ± 0.11 g of the cued
food, and 0.20 ± 0.06 g of the non-cued food. Similarly,
controls ate 0.59 ± 0.11 g of the cued food, and
0.21 ± 0.05 g of the non-cued food.
Discussion
Our results show that CREB-mediated transcription has a
dramatic impact on memory formation. First, we con-
firmed that the CREBaD– mutation affects long-term, but
not short-term memory. Second, our results indicate that
CREB-mediated transcription may be an important deter-
mining factor of the training schedule — number of trials
and ITI — required for committing information to long-
term memory. Remarkably, this effect of CREB-depen-
dent transcription is not restricted to simple conditioning
tasks [13]. It also affects complex behaviors, such as spatial
learning and socially transmitted food preferences.
Together with results from Aplysia and Drosophila, our
findings indicate that limitations in the levels of CREB-
mediated transcription may be one of the reasons why
spaced training results in better memory than massed
training [11,13,15]. 
The impact of CREB on Pavlovian conditioning in mice and
flies
Mice with an intact CREB gene can remember the context
in which they received a foot shock after only a single trial.
The memory of this experience is not only robust but also
Research Paper  Spaced training in mice Kogan et al. 7
Figure 6
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Training with different ITIs in the social transmission of food preferences
task. (a) CREBaD– mutant (n = 11) and wild-type control (n = 11)
observer mice were given two interactions with demonstrator mice (1
min ITI) that had eaten the cued food. Each interaction lasted 5 min.
Testing was done immediately after training. Both wild-type mice
(F[1,20] = 5.02, p < 0.05) and CREBaD– mutant mice (F[1,20] = 5.37, p
< 0.05) showed selective preference for the cued food. (b) CREBaD–
mutant (n = 10) and wild-type control (n = 10) observer mice were given
two interactions with demonstrator mice (1 min ITI) for 5 min each.
Testing was done 24 h after training. wild-type mice showed a strong
selective preference for the cued food (F[1,18] = 9.20, p < 0.01). In
contrast, the CREBaD– mutant mice did not selectively consume the
cued food (F[1,18] = 0.18, p > 0.05). (c) CREBaD– mutant (n = 12) and
wild-type control (n = 13) observer mice were given two interactions (5
min each) with demonstrator mice. In this case a one hour ITI was used.
Testing was done 24 h after training. Both wild-type (F[1,24] = 9.68, p <
0.005) and CREBaD– mutant mice (F[1,22] = 9.36, p < 0.01) showed a
selective preference for the cued food.
long-lasting. Despite normal nociception, the same single
trial can only trigger a transient memory that lasts no more
than 60 minutes in CREBaD– mutant mice [14]. Not even
five trials given one minute apart, which in wild-type mice
produces maximal long-term memory, can compensate for
the profound contextual amnesia of these mutants. Sur-
prisingly, as few as two spaced trials, which in control mice
do not trigger higher levels of conditioning than a single
trial, can nevertheless induce nearly normal 24 hour
memory in CREBaD– mutants. 
These results are consistent with the results from
Drosophila [12,13]. Flies and mice with presumably more
active CREB require only a single trial for triggering long-
term memory in a conditioning task. In contrast, flies and
mice with less active CREB require multiple-spaced trials.
It thus appears that CREB-transcription has a similar
impact on Pavlovian memory tasks in both mice and flies.
The related electrophysiological results from Aplysia [11]
also suggest that these effects apply to non-associative
forms of memory, such as habituation and sensitization. 
Spaced training can induce normal spatial memory in
CREBaD– mutants
One trial is sufficient to condition mice to a particular
context. In contrast, mice require several days of training
to master the Morris water maze, presumably because of
the greater demands of the task. Learning this task
appears to be gradual, and to improve their performance
the mice must remember what they learn each day.
CREBaD– mutant mice are profoundly deficient in the
water maze when trained with one trial per day for 15 days
[14]. Perhaps a single trial is not sufficient to trigger
memory formation in the mutants, and consequently
CREBaD– mice simply forget what they learn each day. 
The data reported in this paper show that even two daily
trials, given with one minute intervals, cannot trigger
normal memory in the CREBaD– mutants. Just as with
contextual conditioning, additional training with longer
intervals between daily trials dramatically improves the
performance of the mutants in the water maze. It is impor-
tant to note that performance in the water maze cannot be
thoroughly evaluated with a single measure (that is, the
percentage of time spent searching for the platform in the
training quadrant during the probe trial). Instead, it is
better to use at least three measures: the time taken to
reach the platform during training, the percentage of time
spent searching for the platform in the training quadrant
during the probe trial, and the number of platform cross-
ings registered during the probe trial.
While 60 minute intervals are completely effective at
overcoming the deficits of the mutants in all three mea-
sures mentioned above, 10 minute ITIs are only partially
effective: the CREBaD– mutant mice spend just as much
time as controls searching for the platform in the training
quadrant, but they still take longer than wild-type mice to
locate it during training. Furthermore, in probe trials the
CREBaD– mice do not cross the exact position of the
missing platform as frequently as wild-type mice, as if
they were unable to precisely locate it. A 10 minute ITI
may thus be just below the threshold for normal memory
formation in the mutants. 
Interestingly, recent results suggest that it may take 3–8
minutes for synaptic activation to trigger maximal CREB
activation (by phosphorylation) [27]. Maximal CREB
phosphorylation may be essential for the impaired CREB
machinery to function in the mutants. All together, these
results indicate that CREB-mediated transcription has an
impact on the number of trials and ITI required for the
formation of spatial memories in mice. Our finding of
normal memory after spaced training in the water maze
demonstrates that the profound deficit seen with shorter
intervals is not due to sensory, motor or motivational
abnormalities.
Spaced training can be more effective than massed train-
ing of wild-type animals in the water maze [28]. This does
not appear to be the case in the results described here, as
with the shortest ITI used (one minute) the wild-type
mice already perform optimally. However, different train-
ing schedules can reveal the effects of spaced versus
massed training in wild-type mice. For example, with 10
trials given over 10 days, the wild-type mice learn the task,
whereas the same number of trials given over 5 days (two
trials per day with 1 minute ITI) results in no learning.
Memory for socially transmitted food preferences
The socially transmitted food preferences task has several
attractive characteristics that are well suited for memory
studies. First, similar to contextual conditioning, a single
brief trial is sufficient to induce a memory that lasts many
days. Second, this task takes advantage of natural behav-
iors (learning which foods are safe to eat) [29,30], and does
not involve aversive stimuli. Third, memory for food pref-
erence is triggered by a single brief interaction between
mice, and consequently it is possible to differentiate
between learning (as judged by performance immediately
after training) and memory (as judged by performance
hours or days after training).
As previously shown for rats [29,30,32,33], our results
demonstrate that mice can show socially transmitted food
preferences, and that the memory for food preference is
both robust and stable. A single 5 minute interaction
between two mice is sufficient to induce a memory that
lasts for more than 6 days in controls (data not shown). In
CREBaD– mutants, however, even two interactions (1
minute ITI) cannot trigger a 24 hour memory. In contrast,
short-term memory for food-preference is normal in
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CREBaD– mutants, which indicates that the long-term
memory deficit is not due to abnormalities in behaviors
required for performance in this task, such as olfactory and
taste discrimination, social interaction, stress responses to
food deprivation, and so on.
In parallel with the results with contextual conditioning
and with the water maze, increasing the interval between
training episodes from 1 to 60 minutes can completely
overcome the amnesia of the CREBaD– mice in the
socially transmitted food preferences task. It is noteworthy
that controls show similar memory for food preferences
whether one or 60 minute intervals are used, demonstrat-
ing again that, although the interval has a dramatic impact
on memory in CREBaD– mutants, it does not affect
memory of wild-type controls. Thus, the deficit in the
CREBaD– mice in this task mirrors that for the contextual
conditioning task. As with the water maze, hippocampal
lesions affect performance in the socially transmitted food
preferences task [32,33], which suggests that the
hippocampus may be an appropriate region in which to
investigate the molecular and physiological basis of the
memory deficits in CREBaD– mutants.
A model for the effects of the CREBaD– mutation on
memory
Recent insights into the mechanisms of CREB-mediated
transcription suggest a possible explanation for the behav-
ioral findings reported here. Synaptic stimuli can trigger
intracellular signaling pathways that modulate CREB-
dependent transcription [34,35]. Calcium signals, originat-
ing predominantly through the synaptic activation of
N-methyl-D-aspartate (NMDA) receptors and L-type
calcium channels, are thought to activate a signal transduc-
tion cascade that may ultimately result in the phosphoryla-
tion and activation of CREB [34]. Phosphorylated CREB,
in turn, may bind to the transcription adaptor known as
CREB-binding protein (CBP), and initiate transcription
from genes with CRE-containing promoters [36,37].
The net levels of CREB-mediated transcription are not
only affected by the phosphorylation status of several stim-
ulatory and inhibitory sites in CREB activators [38], but
they depend also on the levels of CREB inhibitors, such as
the a and b isoforms of CREM [39], and the general avail-
ability of other components of the transcriptional machin-
ery (such as p300 and CBP) [37,40]. Besides a complete
loss of the major a and D CREB activators, the CREBaD–
mutants have a compensatory increase in the levels of a
minor CREB isoform (b), as well as in the levels of the acti-
vator (t) and inhibitor forms (a and b) of CREM [16,17]. 
The decreased levels of activators and the increased levels
of inhibitors are thought to result in a 80–90 % decrease in
CREB activity in the mutants [16,18]. Therefore, it is pos-
sible that the residual CREB activity of the mutant mice
cannot respond normally to the synaptic activation result-
ing from a single training trial. In turn, this may lead to a
shortage of proteins required to support the growth and
synaptic remodeling thought to underlie memory consoli-
dation (for reviews see [4,5]). A decrease in CREB func-
tion could explain why the CREBaD– mutants have
abnormal long-term memory following single or massed
training trials. That they have normal short-term memory
is not surprising, as this form of memory is protein synthe-
sis independent (for a review see [3]).
Why does the formation of long-term memory require
additional spaced training in the CREBaD– mutants? Addi-
tional trials may provide more episodes of CREB activa-
tion, and consequently further opportunities for synthesis
of components needed for memory. Nevertheless, our
results demonstrate that, if the interval between trials is
too small (1 min ITI), additional trials do not improve the
memory of the CREBaD– mutants. We found that to be
effective, the trials must be spaced (between 10 and 60
minutes). Interestingly, recent studies with an antibody
that detects phosphorylated (active) CREB protein, sug-
gested that maximal CREB activation in the hippocampus
and in the cortex may take place 3–8 minutes after synap-
tic activation, and that it declines slowly thereafter [27].
Therefore, it is possible that an episode of activation
engages the residual CREB-machinery of the mutants for
a limited time, during which further activation has no addi-
tional effect. This would explain why additional massed
trials do not seem to benefit the performance of the
CREBaD– mutants. Previous models suggested that, during
the intervals of spaced training, there may be a decrease in
the activity of CREB inhibitors and a net increase in the
activity of activators, which could allow enhanced tran-
scriptional responses to additional trials [11,13]. 
Conclusions
We found that normal long-term memory can be induced
in CREBaD– mutant mice with spaced, but not with
massed training. This finding is consistent with other
results from Aplysia [11] and Drosophila [13]. The signifi-
cance of our results thus goes beyond a description of the
memory deficits of CREBaD– mutants — they reflect a
universal role of CREB in memory formation. The results
presented here, together with findings in Aplysia [11] and
Drosophila [13], indicate that CREB is an important deter-
minant of the number of trials, as well as of the ITI,
required to commit information into long-term memory.
Materials and methods
Raising and genotyping the mice
In all experiments described, the experimenters were blind to the geno-
type of the mice used. At 4–5 weeks postnatally, the animals were
weaned and their genotypes were determined with polymerase chain
reaction (PCR) analysis of tail DNA samples. All experiments were
done with mice 3–7 months old, and a similar number of males and
females were used. The mice were kept on a 12:12 light–dark cycle,
Research Paper  Spaced training in mice Kogan et al. 9
and the experiments were always conducted during the light phase of
the cycle. With the exception of testing times, the mice had ad lib
access to food and water. The Cold Spring Harbor Laboratory animal
facility is fully accredited by the American Association of Accreditation
of Laboratory Animal Care. Animals are maintained in accordance with
the applicable portions of the Animal Welfare Act and the DHHS
‘Guide to the Care and Use of Laboratory Animals’.
Genetic background of the CREBaD– mutation
The contextual conditioning studies described here were done on a pre-
dominantly C57Bl/6 (> 87 %) genetic background. The mice used for
the water maze and social transmission of food preferences studies
were F2 progeny derived from a cross between CREBaD– heterozygotes
in the C57Bl/6 background (> 87 %) and wild-type 129SVJ mice. 
Contextual fear conditioning
The basic protocol and apparatus used for these experiments was as
described before [14]. Mice were placed in a conditioning chamber for
two minutes before the onset of the CS (30 seconds, 2800 Hz, 85 dB
sound). In the last two seconds of the CS, they were exposed to the
US (0.75 mA, 2 seconds continuous foot shock). After the CS/US
pairing the mice were left in the conditioning chamber for another 30
seconds, and then placed back in their home cages. Multiple training
trials (CS/US pairings) were given with intertrial intervals of either 1 or
60 minutes. Animals were tested at 24 hours after training. Condition-
ing was assessed by measuring ‘freezing’: the animals were judged as
either completely immobile or not (respiratory movements are not
counted) at 10 second intervals. Freezing was measured for 5 consec-
utive minutes in the chamber where the mice were trained. 
Water maze studies
The basic protocol and apparatus used for these experiments was as
described before [14]. Prior to testing in the water maze the mice were
handled for 2 minutes each day for 10 days. On day one of training,
before the first trial, the mice were placed on the platform for
30 seconds, followed by a 30 seconds practice swim and three practice
climbs onto the platform surface. Every training trial began with the
animal on the platform for 60 seconds. The mouse was then placed into
the water facing the wall of the pool and allowed to search for the plat-
form. The trial ended either when an animal climbed onto the platform or
when a maximum of 60 seconds elapsed. At the end of each trial the
mouse was allowed to rest on the platform for 60 seconds. In a block of
trials the starting position was varied pseudo-randomly among four posi-
tions. The platform remained in the same pool position for a particular
mouse for the duration of training, but groups of animals were trained
with different platform positions to avoid quadrant biases. Mice were
trained with two trials per day, with groups of animals receiving either a
1, 10 or 60 minutes intertrial interval between daily trials. Animals were
trained for 10 days at approximately the same time each day. 
Probe tests were administered after the training trials on day 10.
During the probe tests the platform was removed from the pool. An
animal was started in a position opposite the location of the training
platform position, and allowed to swim for 60 seconds. For analysis,
both the amount of time each mouse spent searching in each pool
quadrant and the number of times the mouse crossed the former plat-
form location was measured.
Social transmission of food preferences
Mice used for this experiment were housed in cages in groups of three
to five. In their home cage, these mice had continuous access to food
and water. At least 2 days before olfactory training, mice were shaped
to eat ground chow from a metal cup. All food pellets were removed
from the cage, and a metal cup (9 cm diameter, 5 cm deep) was
placed at one end of the cage on top of the bedding. The food cup
remained in place until the day before the experiment.
Training and testing comprized three main stages. First, a demonstrator
mouse was removed from its home cage and food-deprived for
18 hours. Then it was allowed to eat from a food cup containing a
scented food for 2 hours. Ground chow was scented either with cinna-
mon (1 % per weight) or cocoa (2 % per weight). Cups were weighed
before and after to determine the total amount of food consumed. Only
mice eating greater than 0.2 g were used as demonstrators. In these
experiments two demonstrators were used for each cage. Pairs of
demonstrators were given the same scented food, and the type of
scent (cinnamon or cocoa) was counterbalanced across groups of
mice to control for the possibility of food bias.
The second stage of the experiment involved an interaction session
between the demonstrators and littermate observer mice. Immediately
following scented food consumption, one of the pair of demonstrators
was placed back into their home cage and allowed to associate freely
with observers. Each demonstrator interaction session lasted 5
minutes, after which the demonstrator was removed from the cage. The
interval between the first and second demonstrator interaction ses-
sions was either 1 minute or 1 hour for different groups of observers. 
In the third phase, observer mice were tested for food preference.
Groups were tested either immediately following the interaction ses-
sions, or 24 hours later. Prior to testing, observer mice were food
deprived for 18 hours. During the test, mice were placed individually in
a larger hamster cage that contained water and two weighed cups with
scented-food, placed 10 cm apart, at one end of the cage. One of
these cups contained food scented identically to that eaten by the
demonstrators. Observers were allowed to consume food from the
cups for two hours, after which the cups were re-weighed to determine
the total amount of each food eaten.
Data analysis
Experimentally naïve mice were used in all experiments. Approximately
equal numbers of male and female mice were examined. Results from
male and female mice were combined, as we did not find any signifi-
cant differences between them. wild-type controls were littermates of
CREBaD– mutants used in each study. The experimenter was always
kept blind to the genotype of the animals. For the analysis of data we
performed two-way analysis of variance (ANOVA) with repeated mea-
sures, and one-way ANOVA with dependent measures. All values in the
text and figure legends are expressed as mean ± SEM.
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